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INTRODUCTION
The linear mountain belts of Ishtar Terra (Akna, Freyja, and Maxwell) were identified in Pioneer^ Venus topographic data (Masursky et al., 1980) . They were subsequently shown to be zones of parallel bands (Campbell et al., 1983) and ridges and troughs (Pronin, 1986; Pronin et al., 1986 ) that have many of the characteristics (anticlines, synclines, thrust faults, strike-slip faults) of terrestrial orogenic belts (Crumpler et al., 1986) . These belts indicate the presence of large-scale convergence and crustal thickening (Head, 1988; Vorder Bruegge et al., 1989) . Comparative analysis of these mountain belts shows that they share many of the same architectural (topographic and tectonic) elements , but that each has distinctive arrangements of these elements. This analysis focuses on the mapping and interpretation of the major topographic and structural elements and the geologic units of central Freyja Montes and its associated distinctive zone of deformation between Lakshmi Planum to the south and the North Polar Plains (Snegurochka Planitia), which lie about 500 km north of and 6.5 km below the crest of Freyja Montes (Figs. 1-3).
TOPOGRAPHY, GEOLOGY, AND STRUCTURE OF CENTRAL FREYJA MONTES
Western Ishtar Terra is a broad plateau that rises several kilometres above the surrounding lowlands and is characterized by a central smooth plain (Lakshmi Planum) containing two structures interpreted to be large calderas and associated volcanic plains (Pronin, 1986; Pronin et al., 1986; Magee and Head, 1988) . This plateau is surrounded by the linear mountain belts Danu, Akna, Freyja, and Maxwell Montes (Fig.  1) . The borders of Ishtar Terra have some of the steepest topographic slopes on Venus (Sharpton and Head, 1986) . The dimensions of the linear high topography of the mountain belts range from 50 (Danu) to 500 km (Maxwell) in width, 800 (Akna) to 1400 km (Danu) in length, and up to 3 km (Akna) to 6.5 km (Maxwell) in height above the surrounding plains. The general nomenclature developed for elements in convergent zones in Ishtar Terra ) is shown in Figure 2A . Freyja Montes displays all of these elements, and its major features are oriented such that radar interpretation is least ambiguous (parallel to look direction in Venera 15/16, and normal to look direction in Arecibo data).
The distinctive topographic elements of this region are from inboard (toward Lakshmi Planum) to outboard (away from Lakshmi Planum), or south to north: (1) Lakshmi Planum, a volcanic plain sloping upward toward the front of Freyja Montes; (2) the 300-km-wide orogenic belt of Freyja Montes proper, which has elevations up to 2.5-3.0 km above the adjacent Lakshmi Planum and is asymmetrical in cross (Kuzmin et al., 1986) ; (5) an elongate depression bordering the orogenic belt (foredeep) less than about 100 km in width at the base of the scarp; and (6) an adjacent outer rise in the northerly (outboard) direction, also less than about 100 km in width (Figs. 1, 2 ).
On the basis of the interpretation of topography, structure, and surface roughness patterns observed in Venera 15/16 and Arecibo images, series of tectonic and geologic units have been mapped extending from the northern part of Lakshmi Planum north to the North Polar Plains (Fig. 3) . Units in the Plains Group are characterized by relatively smooth topography and regionally flat to gently tilted topographic slopes. They occur at the relatively lowest elevations locally and regionally, display numerous embayment relations with other units, and are characterized by relatively smooth (low roughness) surfaces at centimetre to metre scales. On 
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A the basis of these characteristics, units in the Plains Group are interpreted to be of volcanic origin and to have been emplaced as lava flows and flow units (Kuzmin et al., 1986; Pronin et al., 1986) . The Plains Group is subdivided as follows.
(1) Smooth Plains (SP in Fig. 3 ), which are relatively uniform in their radar backscatter characteristics (predominantly dark) and occur primarily on the western side of the Itzpapalotl Tessera plateau interspersed in linear depressions, embaying the linear chasmata, and in the foredeep between the base of the northern boundary scarp (Uorsar Rupes) and the adjacent rise. Smooth Plains in the foredeep include both radar-bright and radar-dark deposits, the latter being apparently stratigraphically younger.
(2) Ridged Plains (RP in Fig. 3 ) have most of the same characteristics as the Smooth Plains but are uniformly radar dark and have distinctive low linear ridges up to 5 km wide, spaced 10-20 km apart and oriented parallel to the strike of Freyja Montes. Ridged plains occur on the inboard part of the deformation zone in Lakshmi Planum in the region that tilts away from the base of Freyja Montes and toward the center of Lakshmi Planum. Ridged plains are interpreted to be smooth volcanic plains that have undergone deformation (Roberts and Head, 1989) . (3) Mottled Plains (MP in Fig. 3 ) have a texture distinctly different from that of Smooth Plains; they show complex radar albedo patterns and surface structure, perhaps the result of increased numbers of small-scale volcanic structures such as domes, flow units, flow fronts, and deformational features. They occur in the North Polar Plains region (Snegurochka Planitia), and appear to be embayed by, and thus underlie, the Smooth Plains of the foredeep, forming a distinctive boundary toward the outboard edge of the foredeep. The Linear Ridge Group consists of units characterized by adjacent, parallel linear hills and troughs with varying characteristic lengths, widths, spacings, and groupings. Units in the group generally have levels of radar backscatter higher than those of the plains, indicating greater surface roughness. The Banded Unit (B in Fig. 3 ) is composed of a series of parallel ridges and swales up to 150 km long and spaced about 10-20 km apart. Swales coalesce where ridges narrow and plunge. This unit occupies a zone about 150 km wide extending from near the crest of Freyja Montes down toward Lakshmi Planum. The ridge and swale features are interpreted to be primary anticlinal and synclinal structures oriented parallel to the long axis of the mountain range, and they are cut by some strike-slip faults (Crumpler et al., 1986) . The Ridged and Domed Unit (RD in Fig. 3 ) is composed of features ranging from a variety of linear hills and swales (20-100 km long), similar to elements of the Banded Unit but shorter and more irregular, to more equidimensional hills and domelike features (10-25 km in diameter). This unit occurs along the north flank of Freyja Montes (6-6.5 km elevation) and extends down the north flank and across the plateau (Itzpapalotl Tessera) to the edge of the scarp (Uorsar Rupes). The features in this unit are interpreted to be structural ridges and troughs (anticlines and synclines) and domes caused by folding, faulting, transpression, and tectonic segmentation. The Linear Ridge and Groove Unit (LRG in Fig. 3 ) is composed of narrow linear grooves and ridges 2-10 km across; individual features commonly extend in straight lines for 50-100 km. The linear ridges and grooves may represent folds (at a smaller scale than those occurring in the Banded and Ridged and Domed Unit), faults, or a combination of both. This unit occurs in swaths 20-45 km wide and 200-600 km long, parallel to the strike of Freyja Montes, and dividing the Ridged and Domed Unit on the back slope of Freyja and the plateau into segments averaging about 50 km wide, but locally up to 100 km in width. This unit is locally embayed by the smooth plains and lies in low areas between the higher linear segments of the Ridged and Domed Unit. On the basis of these characteristics, the Linear Ridged and Grooved Unit is interpreted to represent a series of major deformation zones, which divide the Ridged and Domed Unit into segments.
The northern edge of the plateau is bounded by a distinctive scarp (Uorsar Rupes) more than 500 km long which drops 2.5 km in altitude over a distance of less than 60 km. Uorsar Rupes is parallel to Freyja Montes and the tectonically segmented units of the plateau, and it is a major structural boundary separating the North Polar 
DISCUSSION AND TECTONIC INTERPRETATION
The characteristics and distribution of map units and topography (Figs. 1-3 ) suggest the following generalizations and interpretations.
(1) The northern deformed boundary zone of Ishtar Terra at Freyja Montes is topographically distinct, extremely linear, and locally highly asymmetric. Lakshmi Planum slopes upward toward Freyja; Freyja is asymmetrical, the steep slope being toward Lakshmi, and is linear, parallel to Uorsar Rupes. This suggests that the forces that produced the orogenic belt were oriented approximately normal to the mountain range and produced structures that are asymmetrical from north to south. (2) Uorsar Rupes, the northern boundary scarp, is a major tectonic structure bounding the deformed zone and separating it from the North Polar Plains. Adjacent to Uorsar Rupes, the North Polar Plains are characterized by a foredeep and a narrow rise similar to flexural rises and troughs seen at terrestrial convergent margins (Karner and Watts, 1983; Royden, 1988) . This suggests that the plains may be undergoing flexure and underthrusting under northern Ishtar Terra and Freyja Montes. (3) The dominance of anticlines and synclines, the lack of evidence for extensional features, the generally parallel orientation of virtually all the linear elements of the units of the Linear Ridged Group, and the parallelism of these units with Uorsar Rupes and the foredeep and rise all imply compressional deformation oriented N10°-15°E, normal to the strike of the linear trends.
Itzpapalotl Tessera, the plateau located between Uorsar Rupes and the crest of Freyja Montes (Figs. 2, 3 ), consists of a tectonically segmented terrain of alternating units of the Linear Ridged Group. What is the origin of the plateau and its alternating units? The distinctive characteristics of the two units composing the plateau are their topographic relief and the wavelength and continuity of their linear elements. The Linear Ridged and Grooved Unit is topographically lower (several are defined as chasmata) and its linear structures are shorter in wavelength and longer along strike than the elements of the Ridged and Domed Unit, which occur on topographic highs between the chasmata. The widths of the swaths of the Linear Ridged and Grooved Unit range from 20 to 45 km and those of the Ridged and Domed Unit are typically 50 km, but locally up to 100 km. If convergence and compression characterize this deformational zone, and if the North Polar Plains are being flexed and underthrust beneath northern Ishtar Terra, then perhaps phenomena related to the process of underthrusting are linked to the formation of Itzpapalotl Tessera. Therefore, clues to the formation of Itzpapalotl Tessera might be found at Uorsar Rupes, the major boundary between the plateau and the surrounding plains.
The linear topographic foredeep and outer rise, as well as the volcanic plains partially filling the foredeep, are generally parallel to Uorsar Rupes and to the trend of the elements of Itzpapalotl Tessera. In addition, the width of the foredeep and outer rise (up to about 150 km) is greater than the width of the individual elements on the plateau (about 75 km for a LRG/RD unit pair; Fig. 3B ) by about a factor of two. The topographic elevations of the two linear elements vary in a similar way (outer rise and unit RD are high, adjacent to foredeep and unit LRG, which are low). These characteristics and relations suggest that the Ridged and Domed Unit may be linked to the outer rise and that the Linear Ridged and Grooved Unit may be related to the foredeep and its associated deposits. A possible mechanism explaining this relation is the detachment and imbrication of crustal slices from the upper part of the underthrusting North Polar Plains and the welding of these imbricated slices onto Ishtar Terra to form the outboard plateau behind the Freyja Montes mountain front. Forces associated with underthrusting (e.g., possible frictional resistance along the top of the underthrusting slab) cause faulting along the outer rise, underthrusting begins in this zone, and a new foredeep and rise begin to form. The detached rise crest is pushed horizontally toward the scarp and deformed internally. This lateral motion causes closure of the existing foredeep and results in the deformation (faulting and folding) of its volcanic deposits, broadly similar to the way accretionary wedges are deformed in subduction zones on Earth. This produces two elements: (1) a topographically relatively high deformed zone consisting of a strip of outer rise material with a width narrower than the original outer rise and containing ridges and troughs related to the compressional deformation (equivalent to the Ridged and Domed Unit), and (2) an intervening topographically lower and narrower zone equivalent to, but now compressed and narrower than, the foredeep and characterized by very linear, low-amplitude, short-wavelength ridges and troughs representing the deformed wedge of volcanic flows (equivalent to the Linear Ridged and Grooved Unit). The presence of the distinctive fork of deformed material along a part of the rise (northwest corner of Fig. 3 ) suggests that this process may be continuing to occur in the present environment.
Why would this process occur, and what are the forces involved? Specifically, what could be the source of the subsurface zone that localizes the deformation and determines the approximate thickness of the detached layer? On Earth, accretionary wedges form either by continuous incorporation of sediment layers by the forward propagation of the detachment surface at the toe of the wedge or by the piecemeal underplating of slabs of consolidated rock. The accretion process postulated here involves instead the detachment of wide, thick slabs of crust and/or upper mantle from the underthrusting plains. Likely candidates include layering associated with chemical and thermal boundaries or transitions. Crustal thicknesses on Venus are estimated to be no more than 10-20 km (Zuber, 1987; Grimm and Solomon, 1987) , but the exact thickness in the North Polar Plains is unknown. Preliminary analyses of the thermal structure of this region on the basis of the assessment of lithospheric flexure for the Freyja foredeep yield preferred values for the thickness of the elastic lithosphere of 12-17 km (Solomon and Head, 1989) . The most likely candidates for the imbricating layer thus appear to be the crust and the elastic lithosphere (10-20 km thickness range). At present, a ductile layer in the lower crust is favored as the most likely candidate for the detachment zone. Such a zone of detachment has been suggested as appropriate for the oceanic thermal structure in Earth's Archean Era (Hoffman and Ranalli, 1988 ). An analysis to distinguish quantitatively between the range of possibilities and the identification and assessment of the forces involved in the convergence process is in progress.
SUMMARY AND CONCLUSIONS
On the basis of mapping and interpretation of the geologic units and topography, the Freyja Montes deformation zone is proposed to be the site of large-scale crustal convergence and imbrication through the underthrusting of the North Polar Plains beneath Ishtar Terra. The process is visualized as follows (Fig. 4) .
(1) North-south regional compressional deformation caused flexure, buckling, and underthrusting of the crust and lithosphere; the major fault zone dipped toward the south. Evidence that this process is operating today is the distinctive northern boundary scarp, the outboard topographic foredeep and rise just to the north of the scarp, and the linear nature of the embaying smooth plains in the foredeep, suggesting flooding of a flexural trough. (2) Continuing convergence and underthrusting caused crustal thickening and uplift, created stresses in the upper part of the underthrusting layer that were focused along a zone of weakness, and caused detachment along this zone of weakness, and a new zone of underthrusting was established. The layer that detached earlier along the fault zone was further deformed and incorporated (sutured) into the mountain range (becoming the Ridged and Domed Unit), and the intervening foredeep and its wedge of volcanic flows was compressed and deformed and also added to the plateau (becoming the Linear Ridged and Grooved Unit). This crustal underthrusting and imbrication caused crustal thickening and cor- 
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